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Presenter
Presentation Notes
Broaden the topic to role of Mod/sim in Nanoengineering, which we take as synonymous with nanotechnology.   Validation of SNL’s Mod/Sim capabiltiies is intrinsic to their development, as you will see. 


oEngineering: Modeling and Simulation
at Sandia

“Nanotechnology” refers to a field of applied science and technology whose theme is the control
of matter on the atomic and molecular scale, generally 100 nanometers or smaller, and the
fabrication of devices or materials that lie within that size range (Wikipedia 2008).
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Presentation Notes
Nanotecnology def:  Wikipedia

Nanotechnology equivalence to nanoengineering. 



Underpinned by Nanoscience, or material science.  



Starting at the smallest scales, extensive work and capability exists and is validated.   I show here examples of self assembly, nanoindentation, and nanoparticle interaction work as examples of our MD and DFT capability.   If required, scales are even sub-atomic, and quantum in nature, we we have more capability. 



Scientific understanding at this scale is a critical first step, but controlling events at this scale require technology (computational and experimental at larger scales.  Reaching up, we have grown capabilities at the meso and now at the macro scale to help achieve true nanotechnology.  We have done so in a host of production hardened codes, as you will see. 


L

}N’é\no-Scale Modeling and Simulation:

Envisoned Role In NanoEngineering

Understanding
at the Nano-
Scale (material
science)

P

9-10 orders of magnitude in scale’

Nanotechnology requires macro-knobs.
*Mod/Sim in NanoEngineering epitomizes multiscale
analysis (true backing to the current hype in mod/sim)

Controlling at the
Nanoscale
(NanoTechnology
and Nano
Engineering)

« Sandia Strengths: HPC, atomistics and classical MD,
Computational Continuum Mechanics, Multiscale
methods/analysis . Many activities ongoing at “mesoscale”

 Killer-Apps: Manufacturing (NIMS, NPFC)
e Core Production Codes: LAMMPS, GOMA/ARIA, Tramonto
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Outline slide (use vision of role of m/s to guide the presentation)



Envisioned and traditional role at Sandia.   

Understanding at the Nanoscale (traditional strength) vs,  Consrolling at the nanoscale, the later  is a more topical thrust and requires tools and understanding across 9 orders of mag in length and time.   

In the presentation wei cover strenghts, Production capabilties, and Killer apps.   


sential Mod/Sim technology for reaching
down into the “micro/nano-world”

From an “engineering’ viewpoint.

Controlling at the Nanoscale requires understanding and
capabilities In

*Bulk and surface mechanics of solids and fluids (gases and liquids) on
microscale. This is our carrier of nanobuilding blocks or the mechanics which

controls the device/machine!

Interaction of materials at interfaces (mechanical, chemical). Liquid and solid
surfaces (Wetting and spreading) and solid-solid interfaces (adhesion).

*Species transport and phase change. (Neutral or charged,
multicomponent transport, continuous and meso-phase change)
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Barriers we face are as follows, from a continuum mechanics point of view.  BTW, CM is the only means

The way in which we bridge the gap is to develop reliable tech. For mod/sim on the continuum but

Small scale, which itself has big payoff, but then to build in the fidelity required to be predictive on the nanoscale.

Consider as a starting point for this entire presentation that the Material scientists have figured out how to manage

Nano-particle production, whether it be colloidal scale or even molecular.  They understand phase change issues et. 

We must then transport them to the right spot in a form that is useful, so we must model liquids and gases at some

Large scale.

To reduce feature size, or force assembly, or blah, you need to remove carrier, or coat, etc.   Solid-fluid-interactions….

Of course nanobuilding blocks are small enough to be affected by thermal motion, but large enough to interact noncovalently in many other ways.   Species….phase-change….multiphase

Residual stress development for solid state, brought about by the deposition process and gelation….


I

%i Impact of M/S on Nanotechnology:

Capability Requirements
Large Length/Long Time End: Mechanics (continuum) modeling

capability at device/machine scale (fluids, solids, thermal, chemical
species, and possible electromagnetic)

Specialized capability for continuum: capillary free surfaces, three-
phase contact, fluid-structure interaction, multiphase flow (suspension,
porous medium)

Small length/Short Time End: Materials modeling at
atomistic/molecular scale (with necessary links to quantum scales)

These extremes can be linked with “mesoscale connections” or by
brute force:

emesoscale capability (coarsed grained from atomic scale)
sconstitutive equations (*subgrid” physics from continuum scale),

eintegrated models (spinning a molecular scale model in the
“subgrid” of a continuum.

*Brute force DNS (achieve macro- time and length scales from a S
MD capability) @ Nooca
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So in short, here are the computational software requiements to be successful:






K

AMMPS Overview and Upgrades

Contact: Steve Plimpton (sjplimp@sandia.gov)

e Classical molecular dynamics (MD) code:
— serial: fast on one processor
— parallel: scalable to billions of particles on big machines

* One foot in biomolecules and polymers
* One foot in materials science

e One foot in mesoscale to continuum

— Part of that foot in nanoparticles and colloids, and coupled to
bulk hydrodynamics! Another part in granular flow

aaaaaaaaaaaaaaaaaaa
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First platform or framework starts at the MD scale, and is reaching upward. 



Large-scale Atomic/Molecular Massively Parallel Simulator.



In essence it is a DEM code, to which additional contact (short and long-range) forces can be added.   -- 


——————

implicit solvent

e e e e ..—- = I. T
DFT Capabillity
-forces between particles

-phase behavior
-solvation free energies -

pelymer melt

-complex geometries
-complex chain architectures

-compare to simulation (MD)

"Frischknecht, Amalie L" <alfrisc@sandia.gov>, PI
http://software.sandia.gov/tramonto/index.html

forcefo”
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DFT is: Densit functional theory.  Here we are refering to “fluids DFT”, and not the original quantum DFT methods which although based on calculating densities from statiscal mechanics, are very different.

DFT is an equilibrium state theory based on statistics. Its formulation amounts to integral equations which can be solved to predict MANY underpinning phenomenon of NANOTECHNOLOGY, including those listed here. 



On the left:  a calculation for 2 nanorods immersed in a polymer melt.  I show density profiles for the polymer around a single isolated rod, and then around two rods that are close together.  The polymer packs next to the rod surfaces.  The free energy plot shows the energy to move the rods from far away to close together, where the oscillations are due to the polymer packing between the rods.



 On the right--a density profile for our model lipid bilayer, and then the density profile of the tail groups (red in the cartoon) as they deform around a cylindrical inclusion placed in the bilayer.



historically solve in 1D, Picard iteration



 solve in 3D, Cartesian grid

 Newton-Raphson solver

 parallel

 sophisticated linear solver algorithms

 arc-length continuation algorithms

DFTs = nonlinear integral equations



treat different length scales

 packing of individual “atoms” or sites

 nano to mesoscopic length scales

different kinds of fluids

 hard spheres

 attractive, Coulombic interactions

 polymers

compare directly to simulation results

phase-space studies


GOMA MULTIPHYSICS CODE

Contact: P. R. Schunk (prschun@sandia.gov)

A MP FINITE ELEMENT CODE FOR MULTIPHYSICS FREE AND MOVING
BOUNDARY PROBLEMS

*COUPLED OR SEPARATE HEAT, N-

DELIVERY OF

POLYMER/CERMET SPECIES, MOMENTUM (SOLID AND

ENCAPSULANTS FLUID) TRANSPORT
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FEED THROUGH / DP *HOST OF MATERIAL MODELS FOR
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UNIQUE FEATURES MAKE GOMA IDEAL FOR
MANUFACTURING PROCESSES IN WHICH
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_ =\ COUPLED FLUID-SOLID MECHANICS
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LAMMPS and DFT have allowed us to reach upwards in scale (upscale) through coarse-grained representations of matter, but they will never allow for efficient prediction on the device, machine, or true engineering scale.  Sandia is firlmly rooted in computational mechanics at this scale and perhaps the most relevant codes are those based on low-speed dynamics, like the FEM code Aria and Goma.   ….. 



-GOMA AT ITS INCEPTION BEGAN AS A RESEARCH PROJECT IN TECHNIQUES FOR FRE E AND MOVING BOUNDARY VALUE PROBLEMS.   In fact free and moving boundaries characterize most of our apps.  ...

-By way of review, GOMA is a multiphysics finite element code

-Rudiments of all major branches of mechanics.  Incompressible fluid mechanics is the subject here and constitutes the bulk of the technology. 

-Seen explosive development in material models for pure and blended materials

-Centered around front tracking/free boundary parameterization.  But not necessary.

-


m Mechanics and Legacy Mechanics Codes

E.G. ARIA/Goma ASC Code as Flow Solver for nanoparticle
suspension dynamics and Adagio/JAS nano-embossing

* 600-particle case, moving structures in fluids (with Colloidal forces)

* Other examples include constitutive equations for phonon transport (thermal)

Coupled with Coarse-grained LAMMPS we will achieve a bridge
Sandia

between atomistics and continuum (meso and not quite engineering) scale. @ Natonal
oratories


Presenter
Presentation Notes
A great deal of improvement in solver technology has been realized in our FEM-flow/mechanics codes.   To the point that true MESO scale applications can be realized.   As an outgrowth of GOMA’s 15 years of development, we have grown a capability in our SIERRA mechanics suite known as ARIA, which really strives to take advantage of HPC.   SIERRA codes were built with HPC in mind, with turnkey domain decomposition parallel, high-end data transfers for multiphysics, etc.  



As an example of this, we show here two cases which epitomize the need for HPC and multiphyics….;  SUSPENSIONS of nanoparticles are one way to manage (handle the positioning) nano-builiding blocks.   We have an enormous infrastructure in the manufacturing in dealing with processing liquids (polymers, phase-change materials) into films/fibers and monolithic structures, to the tune on Trillions a year. Deploying this technology with nanoparticle laden liquids is currently a got topic.    Key underpinning in making nanostructured materials is understanding the rheological behavior



Another key nanomanufacturing proceses is embossing, or indenting. 


/SIm In NanoEngineering: Validation
best achieved with numbers!

FEM-Based Continuum Codes (GOMA/ARIA): Currently
Installed and active at more than 10 sites, including 3M,
P&G, Corning. Has been active in the past at as many as

30 companies. i'

Tramonto Is open source software. 201 downloads
since 3/15/2007. Approx. 5-10 serious users.

LAMMPS/Colloid package active at 5 sites (including

Corning and 3M) for nanoparticle suspension modeling
through the NPFC. Validation ongoing with rheologice! .
testing. s

LAMMPS/MD is open source with 25 downloads/day, 365
days per year. @ Sandia
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MOST OF OUR VALIDATION HAS BEEN OCCURRING NATURALLY THROUGH OUR USER BASE.   MUCH OF THAT EXISTS OUTSIDE SANDIA, AS these codes are INSTALLED AND USED EXTENSIVELY IN THESE AND OTHER US COMPANIES .   ….. 



Also, every activity is just part of a larger program involving experiments and other verification activities.   


ahoparticle Flow Consortium (NPFC) CRADA

“nanoparticle” is colloidal in nature with characteristic size of 10 nm - 500 nm.
* Project Description - “CAE Tools For NanoManufacturing”

— Disperse nanoparticles in films, fibers, monolithic bulk structures for
material engineering

— Fluidization in liquid followed by traditional processing techniques
(coating, casting, spinning) allows control of nano-building blocks at
the macroscale.

— Modeling and simulation of flow of dense suspensions to build
process understanding and control.

e Partners: 3M, Corning, Procter and Gamble, BASF, ICI (Materials
Manufacturing Industry)

* Product: Production software framework for dispersion design
(rheology, stability)

E.G.: Coating into functional films

AL TAVAL Pl T A4 T4 i . eg
000, gt P -W.
..l... 0..'.“......._. CH 1

Dispersion stability:
Melting of a bi-
disperse lattice of
nanoparticles

nnnnnnnnn
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Imbedding Nanoparticles in Functional

Materials : Technology Horizon

Nanoparticle

Manufacture
- Solution, HighT,
etc.

(other means of processing into
product do exist)

polymer

Nanoparticle batch

oo | characterization
iIze .
shape - Microscopy...

Distribution

ustruct

SNL Apps: energy (fuel cells, solid
state lighting, solar); high strength,
lightweight composites; thermal

interface materials, etc.

Rheology, stability

A 4

ustruct/residual stress

Product properties

-Thermophysical, mechanical
characterization/prediction

.Ag-Silica nanocomposite
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In the progression of technology areas involved in imbedding nanoparticles into product, we are focusing on dispersion, fluidization, and underpinning rheology.   SNL apps are many.  


The Problem--Predictive Rheology,
Microstructure (bulk and surface)

Surface Interactions
Impressed macroflow

—
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Effective Potential Development

* Molecular dynamics. Determining interparticle potentials for mesoscale?
— Velocity dependent and independent parts
— Various formulations

» Direct force measurement (IFM, Optical Trapping)

QuickTime™ and a
TIFF (Uncompressed) decompress
are needed to see this picture.

*approx. 120,000 water molecules
sapprox. 400,000 total atoms

128 processors for 16 days

Lane et al. (2008) «Less than 2% of T-Bird machine

MD of actual Gold/Thiol/Water System Silica/PEO in Water
(Dynamic and Equilibrium)

Accurate effective pair potentials required for simulations
of nanoparticles in suspension @ Sandia
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SAMPLE CAPABILITY: COARSE-GRAINED
LAMMPS+HYDRODYNAMICS OF SOLVENT

8 T T T T
L |— HStheory [(1-¢/0__)7)
o confined shear simulation
6 #  bulk shear simulation [M-P]
Kricger-Dougherty [(1- ¢/¢ ) 7 54""”]
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NINE Partnership with UT.
isotropic Particle Potentials. App: Characterization of aging
in drilling fluids. Contact Roger Bonnecaze, ChE.

Diffusion Aggregation 0 :
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Shear Rate

* Ramified clusters because of strong
attractive interactions.

® Cooling drill

string, bits etc. * Stress bearing capacity of network

quantified by the GEL STRENGTH of
drilling fluid.

Aspherical particle * Rock fragment bearing capacity.

Potential development , p;mp ppressure requirement for re-

circulation. Sandia
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The project I am going to talk about now is aimed at understanding the rheology of these viscous suspension flows.



An important process during the drilling of wells in petroleum exploration is the circulation of drill fluids (which are colloidal dispersions in water or oil) through the drill pipe all the way to the drill bit in other to cool both the pipe and the bit. The fluid subsequntly flows out of the bit into the annulus between the drill pipe and the hole all the way back to the surface carrying with it rock debris from the drill operation. The drilling fluid is also able to hold in suspension the rock cutting during momentary stopages because of the ability of the colloidal partilcles in the fluid to form extensive clusters because of the strong colloidal attractions. The ramified structures are able to bear stress and their stress bearing capaicty is quantified by the Gel strenght of the mud.


}iwuc Collaboration - Microstructure and
Rheology of Anisotropic Colloidal Suspensions.
Contact Prof. Jonathon Higdon, ChE

e Large Scale Flow/Discrete Element coupling using
Stokesian Dynamics.

Department of Chemical

‘ﬂ & Biomolecular Engineering

’ THE UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN
Anisotropic Particles : Fused Dumbbells 42%

Pe =0.01: End View

 New Accelerated CAPABILITY Now Avalilable in LAMMPS
through NPFC. Ongoing joint research in algorithms for HPC.
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Created Layer-by-Layer

Sandia Pl: Randy Schunk UT PI: Roger Bonnecaze

Goal: “NanoManufacturing” => “Practical” => High-througput
and Large-Area/Volume.

Concept: Produce nanostructured films layer-by-layer by two feasible
approaches. 1) Proximity patterning by molding/
forming/imprinting 2) Coating dispersions of nanoparticles.

Approach: Integrated computational toolset for underpinning

mechancis. Multiscale algorithms to connect nano/atomistic
scales to machine design!

Challenges: Multiscale algorithms to predict defects over large areas
(large aspect ratios, fluctuating fluids, code integration).

Applications: Photovoltaics, photosynthesis membranes, sensors, ...

Collaborators and Partners: University of Texas at Austin. Looklng
for more.

E.G. Multilayered-Films .
For Photovoltaics

MOD/SIM LAYER-BY-LAYER

noManufacturing: Nanostructured Materials

LR
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fed Computer-Aided Engineering for Nanopatterning
Processes - Funded partnership with UT

Nanopatterning
V Sur‘face/bujk
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Create Layer-by-layer materials with tailored function.  Any combination of proximity imprinting and dispersion coating/drying to create functional stack. 

Computational Challenges:

Multi-scale 

Length scales 10-9 to 10-1 m

Time scales 10-3 to 101 s

Multi-physics

Fluid-solid interfaces and interphases

Multi-phase

Phase changes

Phase boundaries

Microstructure evolution

Non-continuum effects/sub-grid models




NanoEngineering - Retrospective and
Opportunities

* Production code platforms and multiscale activities
which span all relevant scales (10 orders of magnitude)
EXIST TODAY!

Vsémod/Sim Capabilities and Activities in

 SNL has experience with industry needs in computing

e Active programs in nanomanufacturing (NPFC and NIMS
activity) are soliciting new partners - Opportunity

* NINE University research in critical path

» Software engineering which takes advantage of unique
HPC environment.

 List of contacts:
—Randy Schunk (NIMS, NPFC, Goma, Sierra) - prschun@sandia.qov

—Steve Plimpton. LAMMPS. Siplimp@sandia.gov S
ndia

—Amalie Frischknecht. Tramonto alfrisc@sandia.gov @ National
Laboratories
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